diminished, with a concomitant increase in pericardial mass and a rightward shift of the pericardial pressurevolume curve. This same attenuation of restraint has long been recognized in chronic pericardial effusions. 6 Ventricular interdependence and the pericardial influence on cardiac geometry have been difficult to examine in humans, and extrapolations from animal data may not be valid. For example, several animal studies have demonstrated significant pericardial coupling of right and left ventricular pressures and geometry,7,8 whereas two studies of patients undergoing coronary bypass surgery have reported little or no effect of the pericardium on ventricular pressures and volumes or on septal position and contour. 29 In one of these series,2 no patients had ventricular hypertrophy or dilation, and in the other,9 all patients had normal left ventricular function and no previous myocardial infarctions. In patients with chronic ventricular hypertrophy and enlargement, little is known about pericardial restraint and its effects on cardiac shape and hemodynamics.
Chronic pulmonary hypertension can lead to severe right ventricular hypertrophy and overall cardiac enlargement. A specific form of pulmonary hypertension, chronic pulmonary thromboembolic disease, is a surgically reversible disorder,'0 and striking improvements in biventricular hemodynamics and dimensions have been observed in a number of reports." 4This condition and its therapy provide a unique opportunity to assess the influence of the pericardium in a model of chronic right ventricular pressure overload and hypertrophy. The purpose of this study was to analyze acute changes in diastolic cardiac geometry and hemodynamics in patients with severe, chronic pulmonary hypertension when the restraining forces of the pericardium were removed at the time of surgery.
Methods

Study Population
This study was approved by the Institutional Review Board on Human Research of the University of California San Diego. Informed consent was obtained from all patients. Fourteen patients who underwent pulmonary thromboendarterectomy were studied, all in New York Heart Association functional class III or IV at the time of surgery. The group consisted of seven men and seven women (mean age, 53.9±10.9 years; range, 39-69 years) with an average duration of cardiopulmonary symptoms before surgery of 59-±47 months (range, 6-156 months). All had echocardiographically proven right ventricular enlargement and hypertrophy before surgery. Patients were enrolled on the basis of their willingness to participate in the study, without the investigators' prior knowledge of the subject's hemodynamic or echocardiographic evaluation.
The evaluation of these patients before surgery has been described previously,'05'6 loand all had documented proximal, surgically resectable pulmonary thrombi.
Study Protocol
All patients underwent standard cardiac anesthesia with high-dose narcotic and were mechanically ventilated. Hemodynamic variables were monitored intraoperatively with radial artery and thermodilution pulmonary artery catheters. After induction of anesthesia, a transesophageal echocardiographic probe (5 MHz, Hewlett-Packard Co., Andover, Mass.) was passed to the distal esophagus, and optimal visualization of the heart was confirmed. The chest was then opened and the heart exposed. With during this time period. The intraventricular needles were then removed, and pulmonary thromboendarterectomy was done.
Analysis of Data Two-dimensional echocardiography. To document the extent of cardiac enlargement in the study patients before surgery (all had cardiomegaly on the preoperative chest radiograph), total cardiac area at end diastole was measured in the transthoracic apical four-chamber view. These values were corrected for body surface area and compared with 14 consecutive controls with normal echocardiographic studies. Transthoracic and transesophageal echocardiographic images were displayed and analyzed on a commercially available off-line system (MicroSonics, Indianapolis, Ind.). The end-systolic image was defined as the frame in which the smallest left ventricular size was present, and the end-diastolic image was selected as the frame at the peak of the R wave on the ECG.
The eccentricity index, a measure of interventricular septal flattening and distortion initially described for transthoracic echocardiography,18 was adapted to transesophageal views and determined at end diastole and end systole as the ratio of two perpendicular diameters of the left ventricle in the short axis at the level of the papillary muscles ( Figure 1 ). Left ventricular end-diastolic and end-systolic areas were determined in both short-axis and four-chamber views; right ventricular end-diastolic and end-systolic areas were determined 
Results
Hemodynamic Findings
Hemodynamic data before and after pericardiotomy are shown in Table 1 points, as the variables from each patient usually showed little change before and after pericardiotomy.
Right and left ventricular end-diastolic pressures, mean arterial pressure, and mean pulmonary artery pressure were also measured at peak positive-pressure inspiration. Although these measurements were generally 3-5 mm Hg greater than end-expiratory pressures, the trend was not statistically significant (Table 2 ). There was also no significant difference in any peak-inspiratory parameter before and after pericardiotomy ( Table 2 ).
Echocardiographic Findings
Transthoracic echocardiographic measurement of total cardiac area from the apical four-chamber view (corrected for body surface area) was significantly greater in the 14 patients than in the 14 controls (68.4±10.2 versus 51.6±4.3 cm2/m2, p<0.001).
Echocardiographic and Doppler data before and after pericardiotomy are shown in Table 3 . As in the hemodynamic findings, there were no significant changes in any parameter after the pericardium was opened, including left ventricular end-diastolic area (in both short-axis and four-chamber views), right ventricular end-diastolic area (in four-chamber view), interventricular septum-to-right ventricular free wall enddiastolic diameter, interventricular septum-to-left ventricular free wall end-diastolic diameter, and the eccentricity index (both end-systolic and end-diastolic). In addition, there were no changes in the absolute Doppler-derived velocities of early (E) and late (A) diastolic filling or the Doppler E/A mitral inflow ratio.
The left ventricular pressure-area relations from two patients before and after pericardiotomy are shown in Figures 6A and 6B . Determinations of left ventricular area in the short-axis/mid-papillary-muscle view during diastole were plotted against simultaneous left ventricular pressure measurements. In these two examples, left ventricular filling characteristics throughout diastole were nearly superimposable.
Intraobserver and interobserver variability was <5% in hemodynamic pressure tracing analysis and < 10% in echocardiographic area and dimension calculations.
Discussion
The influence of the pericardium on cardiac shape and dimension has been difficult to study in humans, especially in states of chronic cardiac enlargement. Although research in canine models has demonstrated that gradual increases in pericardial mass and compliance accompany chronic cardiomegaly, it is unknown to what extent these findings are applicable in humans. The patients in this study, all of whom had right ventricular hypertrophy and severely dilated right-sided cardiac chambers from longstanding, severe pulmonary thromboembolic disease, provided an opportunity to investigate the restraining influence of the pericardium in a chronic pressure-overload state. We previously documented consistent and marked right-sided cardiac enlargement associated with chronic pulmonary thromboembolic disease in a population quite similar to that of the present study.'2 In that report, mean end-systolic right atrial and end-diastolic right ventricular areas (by transthoracic echocardiography) in 30 patients with chronic thromboembolic pulmonary hypertension were 31+12 and 33±7 cm2, respectively, compared with 14±4 and 21±3 cm' in normal controls (p<O.OO1 for both values). 12 Through echocardiographic measurements of cardiac area, the current study further demonstrates that total cardiac area, as well, was increased significantly in the study population. Thus, pericardial adaptations to chronic cardiac enlargement could be examined. In this investigation of 14 adults with chronic pulmonary thromboembolic disease, no hemodynamic or echocardiographic variable changed significantly after pericardial influence was removed by wide and complete pericardiotomy. This suggests that in humans with chronic right ventricular pressure overload and cardiac enlargement, the pericardium adapts, becomes more compliant, and maintains only minimal restraining effect on cardiac geometry; furthermore, the pericardium does not appear to be directly involved in the often severe interventricular septal deformations seen in this condition.
Comparisons With Previous Studies
Past studies have demonstrated the effect of the pericardium in acute volume overload both in animal models19-2' and in humans22: there is little doubt that rapid increases in intrapericardial volume (either by cardiac enlargement or by pericardial effusion) can markedly enhance ventricular interactions23,24 and alter left ventricular filling characteristics. 25 Freeman and LeWinter,s using a canine model, found that the pericardium gradually increases in mass and compliance in response to chronic volume overload. Although it has been suggested that the human pericardium probably responds in a similar manner,26 there is no conclusive evidence to support this extrapolation.
The most direct studies on the human pericardium have been performed during open-heart surgery. In nine patients with normal left ventricular size and function, Lima et a19 showed that the pericardium had no effect on Given the lack of change in all of these parameters before and after pericardiotomy, it seems unlikely that any real changes in ventricular volume and geometry occurred. Although intracardiac pressures are often measured from the level of the mid right atrium, pressure recordings in this study were performed with transducers zeroed at the level of the right ventricular free wall, because transducer placement at the level of the right atrium would have required fluid-filled catheters more than 6 in. long, causing unacceptable frequency damping of the pressure tracing. This method may underestimate left ventricular pressures slightly; however, the underestimation is consistent, and pressure differences before and after pericardiotomy are unaffected.
In patients with pulmonary hypertension, the absolute value of left ventricular eccentricity index measured by transesophageal echocardiography differs somewhat from that measured in transthoracic views, as the more oblique transesophageal imaging plane accentuates the eccentricity. This difference, however, is consistent in all patients studied; therefore, we believe comparisons of change in this index remain valid.
The effects of anesthesia and mechanical ventilation must also be considered. The study patients were anesthetized with intravenous fentanyl, a potent opioid agent. While many opiates have been associated with hypotension, bradycardia, and occasional hypertension during cardiovascular surgery, fentanyl rarely causes these problems and in most instances does not affect inotropic state, mean arterial pressure, cardiac output, or stroke volume.33,34 Positive-pressure ventilation, in general, causes a mild drop in cardiac output by decreasing venous return; this is usually promptly restored by intravenous fluids. 35 All study patients were hemodynamically stable and at steady state during data collection at the time of pericardiotomy. Although hemodynamic variables in a given patient may differ somewhat between the conscious and anesthetized states, this effect does not alter the finding that these variables showed no significant change before and after pericardiotomy.
Finally, pericardial pressures were not directly recorded. The most accurate method for the measurement is controversial, and there is evidence that in the absence of a pericardial effusion, a simple fluid-filled catheter may significantly underestimate pericardial pressure.36 The insertion of a fluid-filled, flat intrapericardial balloon catheter was felt to be too time-consuming and technically demanding for inclusion in the protocol.
Summary
This study of patients with chronic, severe right ventricular pressure overload and cardiac enlargement demonstrates that the pericardium has little or no role in maintaining or influencing the often marked cardiac and septal distortions seen in this disease. In addition, this report extends previous animal studies and confirms that the human pericardium is a dynamic, adaptable structure capable of responding over time to changes in cardiac size and geometry.
